Moloney leukemia virus (MoLV) induces lymphomas in BALB/c mice which either involve an immature thymic T-cell subpopulation or a splenic mature Tcell subpopulation. To investigate further the possible virological and immunological differences in these lymphomas, several lymphoma cell lines were derived. Although the majority of these cell lines expressed only the parental MoLV, one lymphoma cell line (5F4) was found which expressed only a defective virus. 5F4 virions lacked detectable reverse transcriptase activity and by immunoprecipitation lacked a serologically detectable reverse transcriptase. The lack of reverse transcriptase did not appear to be due to a deletion in the viral genome. Intracellularly 5F4 cells synthesized normal gag gene precursors but had little, if any, detectable Pr1809"e' " or an altered precursor. These results suggest that the defect of the 5F4 virus is associated with the inability to translate the appropriate precursor for reverse transcriptase. The possible origin of the detective 5F4 virus was also examined by competition radioimmunoassays. These results demonstrate that the type-specific proteins, gp7l and p12, are serologically identical to those of the endogenous ecotropic virus and distinct from the MoLV proteins. Competition assays of 5F4 cell extracts further demonstrated the lack of any detectable MoLV type-specific proteins, although the tumor was presumably induced by MoLV. The significance of these observations to leukemogenesis is discussed.
Moloney leukemia virus (MoLV) induces lymphomas in BALB/c mice which either involve an immature thymic T-cell subpopulation or a splenic mature Tcell subpopulation. To investigate further the possible virological and immunological differences in these lymphomas, several lymphoma cell lines were derived. Although the majority of these cell lines expressed only the parental MoLV, one lymphoma cell line (5F4) was found which expressed only a defective virus. 5F4 virions lacked detectable reverse transcriptase activity and by immunoprecipitation lacked a serologically detectable reverse transcriptase. The lack of reverse transcriptase did not appear to be due to a deletion in the viral genome. Intracellularly 5F4 cells synthesized normal gag gene precursors but had little, if any, detectable Pr1809"e' " or an altered precursor. These results suggest that the defect of the 5F4 virus is associated with the inability to translate the appropriate precursor for reverse transcriptase. The possible origin of the detective 5F4 virus was also examined by competition radioimmunoassays. These results demonstrate that the type-specific proteins, gp7l and p12, are serologically identical to those of the endogenous ecotropic virus and distinct from the MoLV proteins. Competition assays of 5F4 cell extracts further demonstrated the lack of any detectable MoLV type-specific proteins, although the tumor was presumably induced by MoLV. The significance of these observations to leukemogenesis is discussed.
The involvement of type C viruses in certain types of T-cell leukemias in mice is well documented (32) . However, the mechanisms by which these viruses either promote leukemogenesis or are involved in transformation are not known. Because of the long latencies, the apparant monoclonality of T-cell lymphomas, and the lack of in vitro transforming activity of murine leukemia viruses (MuLV), it appears that leukemogenesis involves an indirect mechanism. Several possibilities have been presented, including formation of oncogenic recombinant viruses (6, 10, 15) , induction of transformation by an effect due to viral integration (6) , and promotion of somatic events giving rise to transformation due to chronic immune stimulation brought about by viral replication (20, 34) . One way to distinguish among these possibilities is to study the characteristics of individual lymphoma cell lines with regard to their virological and immunological properties.
Moloney leukemia virus (MoLV)-induced lymphomas in BALB/c mice are of particular interest since their pathology is somewhat different from that of AKR spontaneous lympho- 24 h, and the virus was purified by pelleting through a 25% sucrose cushion and subsequent banding in 15 to 50% linear sucrose gradients as described (17) . MoLV and AKR-MuLV were purified from cells grown in roller flasks by the identical procedure.
Viral antigens and antisera. MoLV and AKRMuLV structural proteins were purified and rabbit or goat antisera were prepared as previously described (9, 11 (29) .
Preparation and analysis ofvirion RNA. Virusproducing cells were labeled with 50 yCi of 32P per ml in phosphate-free medium, and virus was harvested after 3 h of incubation at 37°C. Virus was purified as described above. Viral RNA was extracted by the phenol-chloroform procedure, and sucrose gradient analysis was performed as described (18) . The peak fractions of 34S RNA were pooled, ethanol precipitated, and treated with glyoxal according to McMaster and Carmichael (23) . Glyoxal-denatured RNA was subjected to electrophoresis in a 1% agarose slab gel in 10 mM phosphate buffer, pH 7.0.
RESULTS
Derivation and characteristics of the 5F4 lymphoma cell line. We have previously demonstrated that MoLV-induced lymphomas may be primarily localized in the thymus and involve immature T cells, or they may be localized in the spleen and involve a more mature T cell (25) . To further study the immunological and virological properties of these distinct phenotypes of lymphomas, we have established cell lines from each type. The 5F4 lymphoma cell line was established from a splenic lymphoma induced in BALB/c mice by inoculation of MoLV in newborn mice. The 5F4 cell line is Thy 1.2 positive, demonstrating its T-cell origin. The cells do not contain detectable terminal deoxynucleotidyl transferase (TdT) activity but have readily detectable 20-alpha-hydroxysteroid dehydrogenase (2OaSDH) activity. The lack of expression of TdT activity and the presence of 2OaSDH activity has previously been demonstrated to be characteristic of the more immunologically mature subpopulation of T cells (25, 33) . By immunofluorescence using a monoclonal antibody against p30, >90% ofthe cells displayed strong immunofluorescence both in the cytoplasm and on the cell membrane. 5F4 cells readily induced lymphomas in syngenic recipients as well as in nude mice demonstrating their malignant properties.
Electron micrographs of 5F4 cells illustrated the typical lymphoblastic morphology expected CHARACTERIZATION OF A DEFECTIVE VIRUS for T-cell lymphomas. It was also evident from the electron micrographs that 5F4 cells produced large amounts of particles with the typical morphology of type C viruses. To further confirm the presence of type C particles, virus was concentrated from supematants by ultracentrifugation and the viral pellet was banded on isopynic sucrose gradients. A distinct viral peak was evident which banded at a density of 1.16 g/cm3, characteristic of type C particles.
Lack of infectivity of 5F4 particles. To initially characterize the virus associated with the 5F4 cell line, viral infectivity was tested on a variety of indicator cells. The presence of ecotropic type virus was examined by using either FG-10 S+ L-cells or D56 S+ L-cells. To date, we have been unable to detect any infectivity in these assays. To examine the possibility that the 5F4 virus was a thymotropic ecotropic virus comparable to radiation leukemia virus (9), we examined its infectivity on the RL12 radiation-induced, virus-negative T-cell line by immunofluorescence. Under conditions in which radiation leukemia virus and MoLV gave infectivity for RL12 cells, supernatants from the 5F4 cell line showed no evidence of infectivity. We next examined the 5F4 cells for the presence of xenotropic viruses, using either a cat S+ L-cell line or a mink lung cell line assay. In neither assay could infectivity be detected. These observations strongly suggested that the 5F4 cell line produces a virus which is completely defective for infectivity.
Lack of detectable reverse transcriptase activity in 5F4 virions. To detennine the basis of the defectiveness of the 5F4 virus, we examined gradient-purified virions for the presence of reverse transcriptase in reactions, using exogenous and endogenous templates. The results obtained with a poly(rA) template, oligo(dT)12 18 primer, and purified 5F4 virions or AKR-MuLV virions are shown in Fig. 1A . With AKR-MuLV virions, activity was readily detectable by using 2.5, 5, or 10 jig of viral protein. In contrast, by using either 2.5, 5, or 10 ,ug of purified 5F4 virions, no activity was detectable. To be sure that both virion preparations contained comparable levels of virus, they were compared by p30 competition assays; both contained comparable amounts of p30. The results obtained. when AKR-MuLV virions and 5F4 virions were compared for endogenously primed reverse transcriptase activity are shown in Fig. 1B of the virus concentration used in the reaction. These results strongly suggest that the defectiveness of the 5F4 virus is, in part, due to the lack of reverse transcriptase activity in the virions.
The lack of reverse transcriptase activity could be due to the presence of an inactive enzyme, an alteration in pol gene expression, or a deletion in the pol gene region. To determine whether the lack ofreverse transcriptase activity was due to a deletion, we compared the size of the 5F4 viral RNA with that of AKR-MuLV and MoLV. For these experiments, the viruses were labeled with 3P and the 70S RNA was purified on sucrose gradients. The 70S RNA was subsequently heat denatured, and the viral 34S RNA was purified by sucrose gradients. The labeled 34S RNAs of AKR-MuLV, MoLV, and the 5F4 virus were then compared under denaturing conditions on a 1% agarose slab gel. The AKRMuLV gave two major RNA species of approximately 34S (Fig. 2) . The significance of the two bands is not known, although the virus source was not a cloned preparation. The 5F4 virus, however, gave a single RNA band which migrated slightly slower than the AKR-MuLV RNA (Fig. 2, lane B) . MoLV (Fig. 2, lane C) . These results suggest that the lack of reverse transcriptase activity in 5F4 virions is not due to a substantial deletion (>5%) of the viral genome.
To determine whether an inactive enzyme might be present, we next examined 5F4 virions Fig. 4 . Immune precipitates from MoLV-producing cells, using an antiserum against reverse transcriptase (lane D), showed a distinct protein band at approximately 180,000 daltons which was not found in precipitations with normal serum (lane C). This protein appears to correspond to the normal Pr180gag-P°' precursor protein (26) . Migrating slightly slower than the 180K protein is another major protein band which has been variably seen in our immunoprecipitations and appears to be a cellular contaminant similar to that observed by others (35) . When immune precipitates of 5F4 cells were examined by using an antiserum against reverse transcriptase (lane B), a major 180K protein band was not evident and the pattern of proteins precipitated was comparable to that observed with immune precipitates obtained with normal serum (lane A). These results suggested that 5F4 cells produce little or no Pr1809'9"P' and that there was no obvious altered gag-pol precursor. We next examined both cell lines for the presence of the gag gene precursor proteins, using an antiserum against p30. As shown in Fig. 5 , SDS-PAGE analysis of immune precipitates using a p30 antiserum of 5F4 cells (lane C) and an MoLV-producing cell line (lane D) showed readily detectable Pr75 and Pr65 protein bands. Also note that the Pr180919°"' is detectable in the precipitates from the MoLVproducing cell line, but is absent or much reduced in the precipitates from the 5F4 cell liue. Therefore, the 5F4 cell line appears to make a normal gag precursor, although thegag-pol precursor is either absent or much reduced. The above results, taken together, suggest that the defect in the 5F4 cells is associated with an inability to synthesize gag-pol precursor protein.
Characterization of 5F4 virion structural proteins. To determine the origin of the 5F4 virus and to possibly gain further insight into the cause of the defectiveness of the virus, we next examined the serological characteristics of 5F4 virions in various radioimmune competition assays. The results obtained in competition assays for plO and p30 are shown in Fig. 6 . When purified 5F4 virus was compared with either AKR-MuLV or MoLV for p1O(A) or p30(B), the competitions were comparable to those with the other viruses. Since the 5F4 cell line was derived from an MoLV-induced lymphoma, the virus was next examined in competition assays for the type-specific MoLV proteins p12 and gp7l. As shown in Fig. 7 , 5F4 virus competed only par- tially in the assays for MoLV p12(A) and did not compete in the assay for MoLV gp71(B). Therefore, although the 5F4 cell line was derived from a presumed MoLV-induced lymphoma, the virus particles were clearly not of MoLV origin. To determine the possible origin of the 5F4 virus, we next examined its ability to compete in assays for AKR-MuLV p12 and gp71. The 5F4 virus competed both in the assay for AKR-MuLV pl2(C) and in the assay for AKR-MuLV gp71(D) (Fig. 7) . In both cases, the 5F4 virus competed with slopes of competition comparable to those for the AKR-MuLV proteins or AKR-MuLV virions. Since AKR-MuLV has viral proteins serologically indistinguishable from the endogenous ecotropic virus of BALB/c mice (BALB: could not be detected in purified virions. However, it was conceivable that the 5F4 cell line was also infected with defective MoLV. We therefore examined extracts of 5F4 cells for the presence of MoLV proteins. When cell extracts from AKR-MuLV-and MoLV-producing cell lines were examined for MoLV gp7l(A) and p12(B), both antigens were detectable in the MoLV producer and gave competition curves equivalent to the standard proteins, whereas the AKR-MuLV producer gave only partial or no competition in these assays (Fig. 8) . With extracts of 5F4 cells, MoLV p12 and gp71 were not detected; rather, these extracts gave only partial or no competition equivalent to the AKR-producing cell line, suggesting that MoLV p12 and gp7l, if present, are at levels lower than approximately 10 and 25 ng per mg of protein. These results demonstrate, therefore, that the 5F4 lymphoma cell line does not express, either in the cells or in the virus, MoLV-specific proteins.
DISCUSSION
Initially our interest in studying the properties of the 5F4 virus were prompted by the observation that in BALB/c mice MoLV can induce lymphomas that involve different subpopulations of T cells (25) . It was conceivable that the different types of lymphomas might be associated with different viruses, particularly different types of recombinant viruses (5, 27) . We therefore established a variety of lymphoma cell lines that could be used to characterize the viruses associated with particular types of lymphomas. The 5F4 cell line was one such line which was (14) also characterized a replication-defective virus which had only low levels of reverse transcriptase activity. In this case, the cells did not make a Pr18&gPI" but did appear to make an altered gag-pol precursor of 147,000 and 114,000 daltons. Consistent with this observation they also detected a defective pol gene product in virions of 45,000 daltons. The defective 5F4 virus differs from these viruses in that there was no major deletion in the viral RNA evident, there was no alteration of the gag precursor, and there was little or no Pr180g-P-' or an altered gag-pol precursor.
The precise defect in the 5F4 virus resulting in the absence of reverse transcriptase activity or the PrMga,"°is not known. One possibility is that a deletion or substitution occurred within the pol gene region which we could not detect by comparing the size of the viral RNAs. However, such a deletion or substitution might have been expected to alter either the gag or gag-pol precursor. A second possibility is that a mutation or small deletion occurred which specifically affected the translation of the pol gene region.
Since the Prl80ga-P" is currently thought to be a read-through translation product of gag gene translation (26) , a mutational event may have introduced additional termination codons such that the frequency of translating the pol gene region was much reduced. Alternatively, it is conceivable that a splicing event near the pol gene similar to that required for env gene mRNA (30) is required to generate an appropriate mRNA from which a Pr1809ag-P°' precursor can be translated. In this case, either a mutation or a small deletion in the splicing site could result in the absence of a Pr1809a9P". Last, the possibility exists that there is a cellular defect which, as above, affects either the processing of the viral RNA or its efficient translation. Nevertheless, the 5F4 cell line should prove useful in examining the factors affecting the synthesis of the Pr1809ate9Po precursor protein.
The lack of expression of any MoLV typespecific proteins in the 5F4 lymphoma cells, although the tumor was induced by MoLV, was quite surprising. The MoLV stocks used for tumor induction were uncloned, animal-passaged preparations which are known to contain recombinant-type viruses equivalent to the HIX virus (13) as well as the parental MoLV. In the majority of lymphomas induced by this virus preparation or in the extracts used as a source of virus, however, we have only detected the parental MoLV by competition radioimmunoassays. Since the data demonstrate that the 5F4 virus is serologically indistinguishable from AKR-MuLV, it would appear that the virus arose as a defective variant of an endogenous ecotropic-type virus either present as a contaminant of our MoLV stock or from the mouse in which the tumor arose.
The observation that the 5F4 cells only produce a defective AKR-MuLV type of virus is also of interest. Since this type of infectious event in MoLV-infected mice would be expected to be quite rare, the observation suggests that the 5F4 lymphoma arose from a single cell and thus is monoclonal. This conclusion is consistent with recent studies (24, 31) 
